We experimentally demonstrate simultaneous selective detection of xylene and trichloroethylene (TCE) using multiplexed photonic crystal waveguides (PCWs) by near-infrared optical absorption spectroscopy on a chip. Based on the slow light effect of photonic crystal structure, the sensitivity of our device is enhanced to 1 ppb (v/v) for xylene and 10 ppb (v/v) for TCE in water. Multiplexing is enabled by multimode interference power splitters and Y-combiners that integrate multiple PCWs on a silicon chip in a silicon-on-insulator platform.
Infrared (IR) absorption spectroscopy is widely accepted as the ideal technique for chemical sensing due to the unique capability to distinguish analytes of interest based on unique molecular vibration signatures [1, 2] . In this respect, IR spectroscopy has an overwhelming practical advantage over optical methods that depend on sensing changes in refractive index which are not very different when comparing organic substances for instance, volatile organic compounds (VOCs) in water. Commercially available IR spectroscopy systems based on tunable diode laser absorption spectroscopy (TDLAS) [1] or Fourier transform infrared (FTIR) spectroscopy [2] are benchtop systems primarily for measuring gases and are unsuitable for in situ, continuous, remote monitoring in water ambient.
We have previously demonstrated that in photonic crystal (PC) slot waveguide-based on-chip absorption spectroscopy [3, 4] , the optical absorption path length is significantly enhanced compared to free space, thereby leading to enhanced light-matter interaction. As a result, significantly better sensitivities are achieved compared to optical-fiber-based methods [5, 6] . Using the aforementioned method, we successfully detected xylene directly in water down to a concentration of 100 ppb (parts per billion) [3] and also detected methane in air down to a concentration of 100 ppm (parts per million) [4] with a 300 μm long PC slot waveguide. Measurements involved optical-fiber-coupled light input and output from the sensing waveguides. Measurements and device packaging considerations are thus obviously simpler than microgas-chromatography-based sensors [7, 8] that are limited to compounds that are sufficiently volatile, thermally stable during heating, and also volatilizes at temperatures that do not exceed thermal handling capabilities of the column packing. Device packaging is complicated by the need to have heating elements integrated with the chip. Furthermore, in gas chromatography (GC), microgas chromatography (μGC), and alternative chip-based optical methods for VOC sensing, refractive index changes [9] [10] [11] are maximized in a functional polymer for a certain VOC or groups of VOCs. In on-chip absorption spectroscopy, a hydrophobic polymer with optical transparency in the absorbance wavelength range of interest of the VOC is needed. However, a single hydrophobic polymer such as SU-8 or poly-dimethyl siloxane (PDMS) can be integrated to measure a significant number of VOCs in the near-IR since the VOCs are uniquely identified by their respective unique absorbance signatures in the near-IR.
GC and its corresponding chip-based μGC obviously have the advantage of multiplexed detection. While multiplexing can be achieved by integrating several parallel PC slot waveguides with an optical fiber array at the input and the output, packaging of commercially available optical fiber arrays would increase complexity and cost. In this Letter, we experimentally demonstrate an integrated-optics-based method for simultaneous multiplexed detection of two VOCs, xylene and TCE with PC waveguides (PCWs) using a single optical fiber input and output. We also demonstrate that high sensitivities down to 1 ppb for xylene and 10 ppb for TCE are achieved by using SU-8 as the film for solid-phase microextraction (SPME) instead of PDMS; two orders of magnitude better than our previous demonstration [3] and more than an order of magnitude better than other technologies [7, 8, [12] [13] [14] .
The device is fabricated in silicon in a silicon-oninsulator (SOI) substrate using standard e-beam lithography and reactive ion etching [3] . The principle of operation of our device is governed by the Beer-Lambert law for optical absorption spectroscopy. According to this law, the transmitted intensity I is given by
where I 0 is the incident intensity, γ is the absorption coefficient of the medium, L is the interaction length, and α is the medium-specific absorption factor determined by dispersion-enhanced light-matter interaction. For various applications, L must be large to achieve high sensitivity since α 1.
In addition, from perturbation theory
where c is the speed of light in free space, v g is the group velocity in the medium, and n is the refractive index of the medium [15] . The term f is the filling factor denoting the relative fraction of optical field residing in the analyte medium. Group velocity v g is inversely proportional to the group index n g . Hence, theoretically, the optical absorbance by a waveguide on a chip increases in order as follows in silicon: (a) ridge waveguides, (n g ∼ 3), (b) slotted ridge waveguides (n g ∼ 3, f ∼ 10) since the intensity of light in a low-index slot is significantly enhanced compared to ridge waveguides, (c) PCWs (n g ∼ 100) [16] , and (d) slotted PCWs (f ∼ 10 and n g ∼ 100 for a combined factor of ∼1000).
The multiplexed device comprises two 300 μm long PCWs fabricated in the two output arms of a 1 × 2 multimode interference (MMI) power splitter. In contrast to end-fire coupling used previously, light is coupled into the MMI via an input subwavelength grating (SWG) from a single input optical fiber. Our studies indicate that coupling losses are minimized by the use of SWGs [17] . At the output of the PCWs, the waveguides are combined with a Y-junction power combiner [18] . At the output, the combined transmission spectra from each PCW are coupled via an output SWG to a single output optical fiber. In Fig. 1(a) , a stitched image of the whole device is shown. Y-junction combiner, PCW, and MMI regions are magnified in Figs. 1 
A 2 μm thick SU-8 polymer is spun on top of the device. Since SU-8 is hydrophobic, the absorption spectrum of VOCs can be obtained independent of any interference from the strong absorbance signatures of water. In contrast to our previous method using PDMS [3] , SU-8 was used since it has low optical absorption loss in the wavelength range of interest between 1.62 and 1.7 μm, resulting in high signal-to-noise ratio. All component devices in Fig. 1 are thus designed and fabricated with a SU-8 top cladding.
The simulated coupling efficiencies of the SWG to the optical fiber and to air, calculated by eigenmode expansion simulations with CAMFR [17] , are shown in Fig. 2(a) . Since a single SWG feeds both W1 PCWs, the SWGs are designed to have the maximum coupling efficiency around 1.65 μm so as to cover the absorption spectra of TCE and xylene at 1.644 and 1.674 μm, respectively. Figure 2(b) shows the SEM image of the fabricated SWG. The two-dimensional (2D) SWG periods are chosen as 426 and 695 nm along and perpendicular to the waveguide propagation direction. The corresponding trench widths are 79 and 340 nm, respectively. The design results in an effective subwavelength refractive index (n sub ) of 2.58 in the propagation direction. The general design of SWG is described in [17] . The resultant transmission spectrum, shown in Fig. 2(a) by the plot in blue, has a maximum transmission near 1.65 μm.
The MMI is designed with a width of 16 μm and a length of 214 μm to achieve optimum 1 × 2 optical power splitting as shown by the simulation in Fig. 3(b) . A schematic W1 PCW with lattice constant a is shown in Fig. 3(a) , where W1 denotes that the width of the PCW is p 3a.
Since the absorption peaks of TCE and xylene are located at 1.644 and 1.674 μm, respectively, devices are designed with band edges adjacent to the absorption peaks. Thus, maximum slow light enhancement can be obtained at the absorbance peaks for maximum sensitivity. For xylene, a 403 nm while for TCE a 395 nm. The air hole diameter is 0.53a in both PCW arms. In Fig. 4 , the transmission spectrum of the multiplexed PCW device is shown. The design achieves a transmission band with a band edge near 1644 nm (in blue) from one PCW and another band edge near 1674 nm (in red) from the second PCW in the other arm of the MMI. The location of the band edges are indicated by the respective arrows. The variation from the design is attributed to fabrication-induced errors. The theoretical absorbance spectra are indicated in dashed and dotted curves for TCE [19] and xylene [20] , respectively. Based on previous results which show that guided wave propagation is obtained in PCWs in SOI platform up to n g ∼ 35 with low loss, at the transmission band edge [21] , transmitted light being negligible at higher n g , it is estimated from simulations, that the group indices of the guided mode at 1644 and 1674 nm for the individual waveguides are 23 and 33, respectively.
Figures 5(a) and 5(b) show the experimentally determined absorbance of xylene and TCE from the individual PCWs of Fig. 4 when the device is immersed in water. The 2 μm thick SU-8 ensures negligible overlap of the propagating optical mode with ambient water. Increasing concentrations of xylene and TCE are added separately. The absorbance increases with time when a higher concentration is added. All measurements are done 10 min after sample addition, which is a typical time observed in measurements beyond which no further change in absorbance is observed. The absorbance is calculated by comparing the transmitted light output at each concentration to the transmitted light intensity with no VOC. From the absorbance, the detection limit for device for xylene is 10 −7 % (v/v) in water ∼1 ppb and the detection limit for device for TCE is 10 −6 % (v/v) in water ∼10 ppb. Measurements in xylene were also done on a ridge waveguide on a chip with no PCW. Negligible absorbance was observed as shown in the red plot in Fig. 5(a) .
For multiplexed detection of xylene and TCE, in order to test the selectivity of our device, 10 −5 % (v/v) xylene in water was added on the multiplexed devices. The transmission is measured from the multiplexed device and the absorbance calculated at 1674 and 1644 nm for xylene and TCE, respectively. In Fig. 6(a) , the multiplexed device shows a flat and almost zero absorbance at 1644 nm, but significant absorbance is observed at 1674 nm in Fig. 6(b) . Next, a solution of 10 −5 % (v/v) TCE in water is added on these two devices. In Fig. 6(c) , the device shows an absorbance near 1644 nm. In contrast, there is almost flat absorbance for the device designed for xylene in Fig. 6(d) . Finally, a mixture of 10 −5 % xylene (v/v) and 10 −5 % TCE (v/v) in water was prepared and the solution added. In Figs. 6(e) and 6(f), the absorbance of both xylene and TCE are observed.
The negligible absorbance observed from ridge waveguides of the same total length between input and output SWGs as the multiplexed device in Fig. 1 with PCW shows that the increased absorbance is due to the slow light effect in the PCW. Since SU-8 is more transparent optically than PDMS in the near-IR range probed here, by using SU-8 as the hydrophobic layer, the signalto-noise ratio was effectively enhanced at the measured wavelengths which therefore lowered the detection sensitivity of our device to 1 ppb for xylene compared to 100 ppb previously [3] . Table 1 compares detection sensitivities experimentally observed in other platforms versus our PCW-based on-chip absorption spectroscopy sensor. More than an order of magnitude enhancement in sensitivity is observed.
The lower sensitivity of TCE is due to fabricationinduced errors that shift the transmission band edge from design values and therefore result in a lower group index at 1644 nm at the absorbance maxima of TCE. While [7] μGC 28 ppb (toluene) Girschikofsky et al., 2012 [9] Optical planar Bragg grating 20 ppm (xylene), 70 ppm (toluene) St-Gelais et al., 2013 [10] Fabry-Perot interferometers 1.6 ppm (xylene) Hue et al., 2013 [22] Nanoporous disks absorbance 20 ppb (benzene), 10 ppb (xylene) Lai et al., 2013 (this Letter)
PCW absorption spectroscopy with SU-8 1 ppb (xylene), 10 ppb (TCE) 10 ppb was experimentally measured, based on the absorbance magnitude in Fig. 5(b) , it is estimated that the sensitivity for TCE is better than 10 ppb. We demonstrated the highest sensitivity among existing technologies for the detection of xylene with near-IR absorbance signatures. Since absorbance signatures are larger in the mid-IR, higher sensitivities can be expected if above multiplexed devices are fabricated in the mid-IR. Higher sensitivities are expected to be observed as per Eqs. (1) and (2) in a PC slot waveguide with SU-8 as the SPME layer. Higher multiplexing can be achieved with higher order MMI and Y-junction power splitters and combiners to simultaneously detect more VOCs with selectivity [23] .
In summary, we demonstrated multiplexed detection of TCE and xylene in water using PC-based chipintegrated optical absorption spectroscopy. Remote, continuous monitoring is enabled by optical fibers. The authors acknowledge NSF for supporting this work (Grant No. IIP-1127251).
